1 Hd etection can significantly improve solid-state NMR spectral sensitivity and therebya llows studying more complex proteins.H owever,t he common prerequisite for 1 Hdetection is the introduction of exchangeable protons in otherwise deuterated proteins,w hich has thus far significantly hampered studies of partly water-inaccessible proteins,such as membrane proteins.H erein, we present an approach that enables high-resolution 1 H-detected solid-state NMR (ssNMR) studies of water-inaccessible proteins,a nd that even works in highly complex environments such as cellular surfaces.I n particular,t he method was applied to study the K + channel KcsA in liposomes and in situ in native bacterial cell membranes.W eused our data for adynamic analysis,and we show that the selectivity filter,which is responsible for ion conduction and highly conserved in K + channels,u ndergoes pronounced molecular motion. We expect this approach to open new avenues for biomolecular ssNMR.
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Proton ( 1 H) detection can greatly increase spectral sensitivity in solid-state NMR (ssNMR) spectroscopy and thereby enables the study of complex proteins.
[1] 1 H-detected ssNMR experiments usually require astark dilution of the 1 Hnetwork to diminish line-broadening dipolar 1 H- 1 Hc ouplings,w hich can be achieved by protein expression in deuterated solvents.
[2] Whereas such high degrees of deuteration can provide excellent 1 Hr esolution, they necessitate ap roton/ deuterium (H/D) back-exchange step to incorporate amino protons (H N ). Consequently,w ith these labeling techniques, water-inaccessible protein regions remain invisible for 1 H detection unless unfolding and refolding protocols are used, which are tedious,n ot broadly applicable,a nd limited to in vitro preparations.M oreover,d euterated solvents can reduce or prevent protein expression, especially in mammalian cells,and are generally associated with high costs for lowyield proteins.Aremedy to these problems would be the use of fully protonated proteins; [3] however,s uch systems often provide limited spectral resolution. Even at very fast magic angle spinning (MAS) frequencies (> 100 kHz), [4] ther esolution in fully protonated samples is governed by residual 1 H-1 Hcouplings.Moreover,the sensitivity loss that is due to the small sample volumes required for > 100 kHz MAS may not be compensated for in heterogeneous systems such as cellular samples.
These issues have thus far critically limited the application of 1 Hdetection for the study of water-inaccessible protein regions,which is amajor obstacle for ssNMR spectroscopy as binding pockets and active sites alike can be buried deep inside protein cores,f ar away from the bulk water. It is ap articularly severe problem for the study of membrane proteins,w hose transmembrane (TM) parts are critical for their function and do not undergo exchange in protonated buffers. [2c, 3c, 5] This prompted us to develop at wo-step approach that is generally applicable in vitro and in situ, works already at moderate MAS frequencies of 60 kHz, and provides well-resolved 1 H-detected NMR spectra of waterinaccessible protein regions.Inthe first step,weenhance the 1 Hresolution by employing anovel labeling scheme,dubbed inverse fractional deuteration (iFD), which is based on protonated solvents (100 %H 2 O) and fully deuterated [
13 C]glucose in the growth medium. In the second step,w e wash the iFD-labeled protein with deuterated buffers (100 % D 2 O), which further markedly improves the spectral resolution. We first studied the iFD labeling approach on ubiquitin and then, in combination with the D 2 Ow ash, used it to assign the TM part of the ion channel KcsA in lipid bilayers.Based on our assignments,wepresent asite-resolved study of the dynamics of the TM part, which is crucial to fully understand ion channel gating. Hfrequency using MISSISSIPI water suppression [7] and PISSARROd ecoupling, [8] are shown in Figures 1A,B .T hese spectra are very well resolved and feature an average linewidth of 0.1-0.2 ppm for H N and Ha at 950 MHz, which is excellent considering the high 1 Hd ensity of 80 %i ni FD proteins,a nd constitutes as ubstantial average linewidth improvement of about 30-35 %c ompared to fully protonated ubiquitin (see Figure 1C and the Supporting Information, Table S1 ;see also Section S2 for aq uantitative 1 Hpopulation analysis and ad iscussion of the 1 Hlinewidth improvement). Moreover,a sb oth Ha and, obviously,H N are recruited from the protonated solvent during protein expression, their 1 Hlevels are close to 100 %in iFD ubiquitin. We also observed av ery good resolution of around 0.1 ppm for many side-chain 1 H( Figure S3 ), although the resolution of certain methyl groups was compromised by isotopologue effects.Hence,owing to the high 1 Hdensity and 1 Hresolution in iFD ubiquitin, the backbone and many sidechain protons could be readily assigned ( Figure 1D ). We first correlated backbone H N that had been previously assigned [2f] and Ha protons using 3D CaNH and NCaHa experiments. We then used a3DCCH experiment to detect side-chain 1 H, which were connected to backbone H N via the Ha protons (see the Supporting Information for experimental details).
To further improve the 1 Hresolution of water-inaccessible protein regions,wecombined iFD labeling with aD 2 Owash. This was demonstrated with the K + channel KcsA, aw ellaccepted model for ion channel gating.
[9] Figure 2A shows a2 DN Hs pectrum of iFD/[ 13 C, 15 N]-labeled KcsA, reconstituted in E. coli lipids and protonated buffers,a cquired at 60 kHz MAS and 800 MHz. This spectrum, which shows the H N signals of the entire channel, is already of superior resolution compared to our earlier results with fully proton- 1 H-detected side-chain assignments. Strip plots are shown for 3D CaNH (blue), 3D NCaHa (red), and 3D CCH (cyan and magenta for negative and positive signals, respectively) experiments. DREAM [6] 1 3 C- 13 Ctransfer was used for the 3D CCH experiment. 1 Hdetection of water-inaccessible regions in the ion channel KcsA. All data were recorded at 60 kHz MAS and 800 MHz. 2D NH spectra of reconstitutedi FD KcsA A) before (blue) and B) after aD 2 O wash (magenta), and of E) cellular D 2 O-incubated iFD KcsA, measured in native cell membranes (magenta). Assignments in red and black were obtained with FD KcsA [2f] and iFD KcsA, respectively.C )Color coding of regions that feature detectableH N .All H N are present in iFD KcsA whereas only the TM ones remain after the D 2 Ow ash. D) t 1 cross-sectionsextracted from 2D NH spectra of iFD KcsA before (blue) and after (magenta)aD 2 Owash. F) 1 H-detected assignments of residues W67-E71 of the pore helix. Strip plots are shown for 3D CaNH (cyan), Ca(CO)NH (red), CONH (orange), and CO(Ca)NH (green) experiments. ated KcsA, [3c] and readily allows identifying previously assigned water-exposed signals (red, Figure 2A ).
[2f] To exclusively select the TM part, we incubated iFD-labeled KcsA in D 2 Oand acquired a2DNHspectrum, which featured astark enhancement in spectral quality with well-resolved signals as narrow as 0.13 ppm (Figures 2B,C) . Theresolution improvement is partly due to the virtually complete disappearance of the water-exposed residues,w hich reduces spectral congestion (see Figure S4 for as pectral overlay). Remarkably,t he removal of water protons (and other exchangeable 1 H) further narrows the linewidth of the TM H N by 25 %o n average compared to the spectrum shown in Figure 2A ( Figure 2D and Table S5 ). Thel atter has not been observed before in ssNMR spectroscopy,a nd implies that residual dipolar couplings to water protons can contribute to the 1 H linewidth in highly protonated membrane proteins,e ven at 60 kHz MAS and as ample temperature of 35 8 8C. Such couplings are presumably substantial in KcsA owing to the presence of large internal water-filled cavities and buried water.
[3c]
Notably,t he high spectral quality conferred by our twostep approach even allows measuring the TM part of KcsA directly in anative cell membrane. [10] Cellular membranes are much more complex than reconstituted lipid bilayers in terms of the lipid and protein composition, and this can influence membrane protein function. However,a dequate spectral quality is ac hallenge in cellular ssNMR studies owing to the low concentration of the target protein. Cellular iFD KcsA was expressed in the E. coli inner membrane using rifampicin to ensure selective 13 C, 15 N-labeling of KcsA and reduce the endogenous spectral background. [11] Theo uter membrane was removed to increase the amount of KcsA in the sample,w hich was then incubated in deuterated solvent for three days prior to the ssNMR experiments.W eobtained as urprisingly well-resolved in situ 2D NH spectrum (Figure 2E) , which exhibited the clear spectral fingerprint of closed-conductive KcsA [9c] without any discernible background signal ( Figure S6 ). This is remarkable as the KcsA concentration in situ was about seven times lower than in vitro (see Section S10 in the Supporting Information). We could readily annotate the in situ spectrum based on our in vitro assignments (see below). To the best of our knowledge, this is the first time that af ew nanomoles of am embrane protein (that is,c a. 3nanomoles of KcsA, corresponding to ca. 175 mgo fp rotein) could be assigned in situ with 1 Hdetected ssNMR spectroscopy.C ellular KcsA showed only small chemical shift perturbations (CSPs) compared to reconstituted KcsA ( Figure S11 ), implying that E. coli lipids are good membrane mimics.Y et, we observed afew marked differences in situ, which we discuss below,together with the assignments and relaxation studies performed in vitro.I n addition, many signals in the in situ spectrum are strongly broadened by up to 100 %( Figure S7 ), which arises from inhomogeneous line broadening owing to the cellular heterogeneity.T his type of broadening is independent of the MAS frequency and likely impacts on sensitivity when using smaller (< 1.3 mm) rotor diameters.
We could assign approximately half of the resonances in the spectrum in Figure 2B based on 3D CaNH, Ca(CO)NH, CONH, and CO(Ca)NH experiments ( Figure 2F ), supplemented with 3D NCaCX and 2D N(CO)CX spectra to identify residue types,and supported by available 13 Cand 15 N chemical-shift data. [9c, 12] These assignments include anumber of functionally essential structural elements that we can access here for the first time with 1 Hdetection. Thes electivity filter, responsible for the stringent selection of K + over Na + ions,c omprises the 75-TVGYG-79 signature sequence,w hich is common to all K + channels.
[9a]
Whereas only the exchangeable Y78 and G79 residues were detectable in af ormer study, [2f] here we could also assign residues T74-G77, providing access to the entire filter. Moreover,w ea ssigned the pore helix L66-E71, ac ritical element for C-type inactivation, [9a] as well as large stretches of the TM1 (transmembrane 1) helix including residues L41-L49, which precede the lipid-sensitive turret.
[9c] These signals could be largely retrieved in cellular KcsA. However,w e could not unambiguously assign residues of the inner TM2 (transmembrane 2) helix, which was partly due to spectral overlap.Y et, while certain TM2 residues (such as V93-V95) were identified in the spectrum in Figure 2B ,our data suggest that the TM2 helix partly exchanges with D 2 O, especially C-terminal of the flexible hinge G104.
[9a] This hypothesis was corroborated by a2 DN (CO)CX experiment in D 2 Ow ith short initial 1 H- 15 NCPtimes, [5] in which G104 and G116 could not be observed ( Figure S8 ), and it is in line with studies in micelles. [13] It was also corroborated by the observation of only about 50 signals in the 3D CaNH spectrum although we should observe approximately 65 resonances if all TM H N were retained in D 2 O. H/D exchange within the membrane is hence ac urse and ab lessing at the same time.W hereas it complicates assignments owing to missing sequential contacts, it can give insight into protein flexibility and membrane topology.
We used our assignments to perform adetailed analysis of the motion in the TM part of KcsA. Understanding this motion is of high relevance for the ion channel function, which depends on dynamic changes of membrane-embedded structural elements. [9a,14] It is also of particular interest to decipher the motion of the filter as its flexibility is assumed to be related to aubiquitous ion channel regulatory mechanism known as modal gating.
[9b] NMR relaxation is ap owerful method to study protein dynamics, [15] and many of our assigned H N signals are well-resolved ( Figure 2B ), which is aprerequisite for site-resolved analysis.Ithas previously been shown that 15 Nt ransverse rotation frame relaxation (T 11 ), which is as ensitive reporter of motion on the nano-to microsecond timescale,c an be quantitatively extracted in fully protonated samples at higher (> 50 kHz) MAS frequencies, [16] at which coherent contributions to the magnetization decay are largely suppressed. We first measured the bulk 15 N T 11 as af unction of the spinlock amplitude ( Figure S9 ). In agreement with measurements in GB1 and membrane protein ASR, [16] [17] we found ar elaxation plateau for spinlock fields from about 10 to 25 kHz, yielding ab ulk 15 NT 11 of approximately 100 ms for the TM part of KcsA. Thes iteresolved 15 NT 11 relaxation rates (R 11 )show arather uniform dynamic regime for the lipid-confined TM part, which is in line with the measurements in micelles [18] ( Figures 3A,B) .
However,t he entire filter stretch T74-G77 remarkably features modestly,b ut clearly enhanced 15 NR 11 ,w hich is indicative of slow and presumably collective molecular motion. This motion very likely corresponds to slow nanosecond to microsecond dynamics as residues T74 and T75 did not show increased fast nanosecond motion in aprevious 15 N T 1 relaxation study. [19] Such slow motions have not been observed before in membrane-embedded KcsA and can be important for its function as the filter backbone is immediately involved in ion conductance.I nterestingly,f licker transitions, [9b] af orm of modal gating represented by rapid channel opening and closure,a lso occur on the microsecond timescale,a nd flickering is indeed thought to be related to dynamic rearrangements around V76. Increased filter dynamics were also corroborated by reduced signal intensities in dipolar experiments ( Figure 3G ). Thec onformational flexibility is also reflected in the H N linewidth, which is consistently larger for the filter than for the pore helix (Table S5) . TheTM1 helix residues A42-L49 are least subjected to slow motion and feature slightly smaller R 11 rates than the pore helix. However, the G43H N resonance,w hich is by far the broadest of all H N (0.44 ppm), is split into two signals with different relaxation decays (Figures 3C,D) . As the G43 chemical shift is sensitive to the filter ion-binding mode, [12] this splitting may hence also be related to the conformational flexibility of the filter. Intriguingly,u nlike almost all other resonances,t he G43H N resonance is much narrower (0.31 ppm) in situ, most likely because only one conformation is present ( Figure 3E ). This finding suggests that the KcsA conformational dynamics are,atleast locally,altered in native bacterial membranes compared to liposomes.
While the spectral sensitivity inhibits site-resolved relaxation studies in cellular KcsA, an analysis of signal intensities in dipolar experiments showed the lowest intensities for residues T74-G77. This result strongly suggests that the enhanced filter dynamics are maintained in the native membrane ( Figure 3G ). In fact, the conformational flexibility of the filter seems to be further enhanced in situ as the filter signals are much reduced compared to those of the TM1 helix. Remarkably,also the relative intensities of the filter residues are changed, especially for T74, which displays the lowest intensity of all filter residues in vitro and by far the highest sensitivity in situ. This suggests that the dynamics of the filter are changed in cellular KcsA, which is further corroborated by ar elatively strong 15 NC SP of + 0.8 ppm for T74 in situ ( Figures 3F and S11) . Ap otential reason for this apparently different behavior of the filter may be the altered lipid composition in the bacterial membrane,w hich is known to influence the filter, [9c] or differential clustering of KcsA channels. [20] Against the backdrops presented here,i ti so f great importance to explore how molecular motion modulates channel function. Whereas our data clearly show enhanced filter dynamics,f urther extensive measurements will be necessary to fully understand the timescales and amplitudes of these dynamics.
In conclusion, we have introduced an approach that enables the 1 Hdetection of water-inaccessible proteins with high sensitivity and resolution. We expect our method to be especially powerful for the study of membrane proteins and amyloid fibrils,w hich both exhibit domains that are highly resistant to hydrogen/deuterium exchange.M oreover,o ur method allows for the first time the use of 1 Hdetection for the detailed analysis of am embrane protein in native cell membranes.T his constitutes an important advance in ssNMR spectroscopy as membrane protein function often critically depends on the native environment. Analyzed residues are shown as color-coded spheres whose size is proportional to R 11 .C,D) 15 NT 11 experiments in vitro with aspinlock duration of C) 0msorD)100 ms reveal two signals for G43H
N .E)G43H N exhibits only one conformation in situ. F) T74 showed a 15 Nchemical shift perturbation of + 0.8 ppm in situ. G) Signal-to-noise ratios of resolved residues in in vitro (magenta) and in situ (green) D 2 O-washed KcsA.
